This paper examines the relationship between research and development expenditures and total factor productivity using establishment level (or micro) data. The confidential data are taken from the U.S. Bureau of the Census Annual Survey of Manufacturers and other Census surveys. Several measures of total factor productivity are considered as are several variables that proxy for technical knowledge. The latter include research and development expenditures by the firm, the accumulated research expenditures of the industry, and new equipment purchases. We find that them is a statistically significant relationship among above measures of technical expertise and a broad measure of total factor productivity.
Introduction
Since the observed serious declines in the rates of growth in productivity that occurred around 1973 in most OECD countries, an expansive research effort has sprung up to explain both these declines and the previous high productivity growth rates. Overviews of much of this work are provided by Maddison [1987] , Link [1987] , and Jorgenson [1988] .
One frequently suggested reason for the declining growth rates was a tall (by some measure) in research and development expenditures. Early researchers had found a relationship between productivity growth and the investment in technology. At an aggregate level, for example, Minasian [1962] , Griliches [1973, 198Ob] , and Terleckyj [1974, 19801 found industrial research and development had significant effects on the rate of productivity growth.' This relationship, however, evaporated when investigators turned to it to help explain the slow down? Link [1980] and others3 found that the aggregate data of the 1970s did not show the relationship previously demonstrated using data of the 1950s and 1960s. The connection could only be reestablished by using micro data. Mansfield [1980] , and later Griliches [l984], found a strong relationship between individual firms' total factor productivity growth, and research and development expenditures. Micro data collected in the Federal Trade Commission Line of Business survey were also linked to patent activity by Scherer [1984] , who found research and development an important variable in productivity growth.
*The refereeing process of this paper was handled through N.R. Adam.
More recently, Lichtenberg and Seigel [1987] have shown that before 1987, micro data studies of the link between research and development expenditures and productivity used erroneous estimates of total factor productivity growth (hereinafter termed productivity growth), arguing that some of the errors arise from incorrectly deflating inputs and outputs and from errors in the attendant aggregation. In their study, Lichtenberg and Seigel constructed a deflated measure of inputs and outputs using micro data from the Census Bureau's Longitudinal Research Data (Census Data) file to account for firm diversification. For comparison, they also calculated the conventional measure of productivity growth by assigning a single price deflator to the entire firm based on its primary product Standard Industrial Classification code. They then used the two estimates of productivity growth in the estimation of a model of research and development intensity (research and development expenditures per unit of output). Their results showed that their measure of productivity growth outperformed the conventional measure in terms of the explanatory power.
In this paper, we look at three measures of productivity growth and regress them on research and development expenditures using micro data. We employ the Tornqvist-Divisia measure and Ohta's [l974] more general measure of productivity growth. The latter imposes fewer restrictions on the firm's production technology and allows us to relax the assumptions of constant returns to scale and Hicks neutral technological change! Following the work of Gollop and Roberts [1981] , we use a flexible functional form. As with Lichtenberg and Seigel [1987] , we use line-of-business price deflators for inputs and output developed from the Census Data. We focus on establishments in a particular industry, (the flat glass industry, Standard Industrial Classification 3211) an industry that was undergoing technological change during the period under study (see Kokkelenberg and Nguyen [1989] ). Our sample consists of 15 establishments during [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] . We extend the model to include two other variables that may have significant effects on productivity growth; the accumulated stock of technical knowledge resulting from previous research and development investment, and the purchase of new capital goods. Finally, we incorporate a nonlinear technological index in our cost model.
The Model
To estimate the effect of research and development on productivity gtowth, previous research has often applied the following stochastic research and development intensity model5
where TiYPG, R and Q respectively represent total factor productivity growth (productivity growth), the stock of research and development knowledge, and output; R denotes the time derivative of R. The bi, i = 0, 1, are parameters and u is a disturbance term.
Estimating equation (1) requires a proxy for the unobserved additions to the stock of research and development knowledge and this in turn requires historical research and development expenditures data (denoted below by RI), the depreciation rate of R, and an initial stock of knowledge. Because the depreciation rate of research knowledge is not known, and historical data on research and development cover only a recent and short time span, previous work has assumed way these problems and estimated6
